Capture
While the extraction of CO 2 from the air is technically possible, the gas is most readily captured at point sources 2 , e.g. large fossil fuel or biomass power plants, industries with major CO 2 emissions such as cement factories, natural gas processing plants, and hydrogen production plants which generate syngas by steam-reforming [Eqn (1) ] and convert the CO to CO 2 using the water-gas shift reaction [Eqn (2)]: CH 4 + 2H 2 O → CO + 3H 2 (1) CO + H 2 O → CO 2 + H 2 (2)
As the distance from the point source increases, the concentration of CO 2 falls rapidly which necessitates an increase in the amount of air that must be processed per unit mass of CO 2 captured. The combustion of coal in oxygen produces a relatively pure, concentrated stream of CO 2 , which might be processed directly. Organisms that produce ethanol by fermentation generate cool, and practically pure, CO 2 which is suitable for underground storage. World ethanol production in 2008 was close to 16 billion US gallons, which at a density of 789.00 kg m -3 amounts to 61,000,000 m 3 or 48 million tonnes of the material 3 . There are essentially three principal methods for capturing CO 2 : post-combustion, pre-combustion, and oxyfuel combustion: 
Progress in Science
• In post-combustion capture, the CO 2 is removed following combustion of the fossil fuel, i.e. the scheme that would be used to reduce carbon emissions from fossil-fuel fired power plants. The technology is well understood and is used in other industrial applications, although some considerable scale-up would be required to deal with the CO 2 output from a standard (e.g. 1 GW) power station, which might burn 3.5 million tonnes of coal per year. • Pre-combustion carbon capture might be accomplished using the kind of technology that is used to make (ammonia for) fertiliser, and fuels (H 2 , CH 4 ), and for power production 4 . The reactions described in Eqns (1) and (2) prevail, and the final CO 2 can be extracted from a relatively pure exhaust stream, leaving H 2 as a fuel directly, or as a chemical feedstock for other processes. • In oxy-fuel combustion 5 , the carbon-containing fuel is burned in pure oxygen rather than air. The cooled flue gas is recirculated and injected into the combustion chamber to keep the flame at a temperature which is more typical of conventional combustion processes. The result is an almost pure stream of carbon dioxide (the water having been condensed from it) that can be transported for storage. A proportion of the CO 2 generated during combustion will inevitably be dissolved in the condensed water. An alternative method that is under development is chemical looping combustion 6 (CLC), which uses a metal oxide as a solid oxygen carrier. Metal oxide particles react with a solid, liquid or gaseous fuel in a fluidised bed combustor, which produces particles of solid metal and a mixture of carbon dioxide and water vapour. By condensation of the water vapour, pure carbon dioxide remains which can be stored directly. The solid metal particles are circulated to another fluidised bed where they react with air, producing heat and regenerating metal oxide particles which are then recirculated to the fluidised bed combustor. The alternating carbonation, followed by calcination, of a calcium oxide-based carrier as a means of capturing CO 2 , is called calcium looping. Removing CO 2 from the atmosphere directly may be regarded as a form of geoengineering, in the context of cutting the atmospheric concentration of greenhouse gases, as an antidote to global warming. However, a suitable technology to accomplish this has yet to be used on the large scale.
Transportation of CO 2 for storage
The cheapest means to deliver CO 2 to its final storage site is by pipeline, and as of 2008, there were approximately 5,800 km of CO 2 pipelines 7 in the USA, mostly to carry CO 2 to oil production fields where it is then injected into older fields to extract oil, a process termed enhanced oil recovery or EOR.
Geological storage CO 2 may be injected, generally as a supercritical fluid, directly into underground geological formations, which include oil and gas-fields, saline formations, unmineable coal seams, and saline-filled basalt formations as storage sites. The CO 2 would be kept in place, e.g. by an impermeable cap-rock. As noted, CO 2 is used in enhanced oil recovery operations, with up to 50 million tonnes of CO 2 being injected annually into declining oil fields, in the USA alone 8 .The geology of hydrocarbon reservoirs is generally well understood and the storage costs may be partly defrayed by the sale of additional oil that is recovered 9 . Unmineable coal seams can be used to store CO 2 because its molecules become physically attached to the surface of coal, in consequence of their large molecular electric quadrupole moment. However, some appropriate degree of permeability of the coal bed is necessary for the procedure to be technically feasible. As the CO 2 molecules become attached to the coal surface, CH 4 molecules are displaced in a process that is termed enhanced coal bed methane recovery, and the methane can be sold to offset some of the cost of the CO 2 storage. Arguably, the combustion of the methane, which forms CO 2 , rather counterweights the overall degree of carbon capture. Saline formations contain highly mineralised brines but their principal benefit is their large potential storage volume and common occurrence.
Relatively little is known about them, however, especially in comparison with oil and gas-fields and it is possible that some of the CO 2 will leak back into the atmosphere, although it appears that there are a number of mechanisms that operate to render the CO 2 immobile, so reducing the risk of escape. The matter of how stable the final storage sites are remains at issue, however, as is discussed below.
Mineral storage
Mineral carbonation is thermodynamically favourable and occurs in nature, e.g., the weathering of rocks over geologic time periods. Reaction of CO 2 with metal oxides produces stable carbonates, in an exothermic reaction, and is indeed a process that occurs naturally over long time scales, to create much of the surface limestone on the Earth. By working at higher temperatures and/or pressures, or by pre-treatment of the minerals, the process can be accelerated, albeit with additional energy costs. The world's first pilot plant project for mineral carbonation at scale has been established in Newcastle, Australia. Magnesium-and calcium-based minerals are abundant, and the resulting carbonates are stable, so there is no subsequent release of CO 2 into the atmosphere. However, under ambient conditions of temperature and pressure, the process is very slow and so research continues to devise an economically viable, large-scale carbonation process for mineral sequestration to be implemented 10 .
Leakage of CO 2
Concern remains over the stability of CO 2 in storage sites, although it is thought that CO 2 could be trapped underground for millions of years, and carefully selected storage sites are likely to retain over 99% of the injected CO 2 over a period of 1000 years 12 . It is thought that sufficient sites have been mapped in the USA to store 500 years worth of the nation's CO 2 output. Although the injection pipe is usually protected with non-returnable valves to prevent the release of CO 2 should the power supply fail, it is possible that the pipe itself could fracture under pressure and allow the gas to escape. In December 2008, a relatively minor release of CO 2 from a pipeline under a bridge resulted in the deaths of some ducks sheltering there 13 . In order to measure any inadvertent carbon releases more accurately and decrease the risk of fatalities through this type of leakage, the implementation of CO 2 detectors around the project perimeter has been proposed. In 1986, a substantial volume of naturally sequestered CO 2 rose from Lake Nyos in Cameroon and killed 1,700 people through asphyxiation. The cause was a volcanic event, which very suddenly released perhaps a cubic kilometre of CO 2 gas from a pool of naturally occurring CO 2 under the lake in a deep narrow valley. Despite this being an entirely natural phenomenon, the case has been taken in some quarters as evidence for the potentially catastrophic effects of sequestering carbon artificially 14 .
It has been proposed that CO 2 in liquid form might be stored as a pool on the ocean floor, depending on the depth. CO 2 forms a remarkably compressible liquid, and varies in density from around 0.7 to 1.09 g cm -3 . At a depth of around 2,600 metres, where the pressure is close to 26.50 MPa, the neutral buoyancy point for liquid carbon dioxide at 2°C is reached, and at greater depths (pressures) the negative buoyancy region is entered, where the liquid becomes denser than seawater 15 and hence sinks in it. The IPCC estimates 11 that 30 -85% of the carbon dioxide would be retained after 500 years for depths 1000 -3000 m, a process that would be assisted by the formation of gas-hydrates in cold water at depth. Since the IPCC recommends that limits be set to the amount of leakage that can take place, deep ocean storage might thus be eliminated as an option. As a further point, at the conditions of the deeper oceans (about 40 MPa and 280 K), the rate of mixing of water with liquid CO 2 mixing is very low, but the formation of water -CO 2 hydrates is favourable. From an environmental assessment of the Sleipner gas-field, which was conducted after 10 years of operation, it was affirmed that geosequestration of CO 2 was the most definite form of permanent geological storage of CO 2 . In March 2009, StatoilHydro issued a study showing the slow spread of CO 2 in the formation after more than 10 years of operation 16 . To obtain the required detailed geological histories of basins, the petroleum seismic data sets could be used to reduce any risk of fault instability. Gippsland Basin in Australia has a 3D-GEO seismic megavolume that consists of 30+ 3D seismic volumes that have been merged, and data-sets of this kind can image faults at a resolution of 15 m over an area 100 km square.
Carbon dioxide recycling/carbon capture and utilisation (CCU)
Rather than capturing CO 2 and locking it away underground, using the gas instead for some other and useful purpose, would offer a potentially great advantage. For example, Bio CCS Algal Synthesis uses pre-smokestack CO 2 from a coal-fired power station as a feedstock for the production of oil-rich algae in solar-active membranes, yielding oil to make plastics and transport fuel, and food to feed farm animals. The CO 2 and other greenhouse gases, such as N 2 O, are injected into the membranes which contain waste water and selected algal strains, which under the influence of sunlight or UV light, yield an oil-rich biomass that doubles in mass every 24 hours. Bio CCS Algal Synthesis test facilities are being trialled at Australia's three largest coal-fired power stations (Tarong, Queensland; Eraring, NSW; Loy Yang, Victoria) using piped pre-emission smokestack CO 2 . It is also possible to convert CO 2 into hydrocarbons for use as fuel or to make plastics, for which several research projects are under way 17 . "Artificial trees" containing potassium hydroxide may be used to capture CO 2 by conversion to potassium carbonate, although the overall energy costs are high. Other possibilities are the production of stable carbonates such as magnesium carbonate from silicates, e.g. olivine.
Production of methanol
Methanol is readily produced from CO 2 and H 2 [Eqn (3)]. In the Green-Methanol Synthesis 18 , waste CO 2 from power stations or from industry is used, rather than releasing the gas into the atmosphere, while the hydrogen gas is generated by the electrolysis of water using electricity produced entirely from renewable sources, e.g. wind, solar, biomass. It would seem, therefore, that it is the latter that is a limiting factor in how much carbon might be captured in the form of methanol, along with the inauguration of new engineering on a considerable scale. A methanol economy based on the green-methanol synthesis has been proposed as an alternative to the hydrogen economy. Since it is a liquid fuel, methanol can be used in the current petroleum-derived liquid fuel infrastructure, while an entirely new one would need to be built from scratch to run the hydrogen economy. Although methanol only contains about half the energy density of petrol or diesel, volume for volume, it has an octane rating of 113. Hence, mixing 10% methanol with 90% gasoline with an octane rating of 90 will yield a blended octane value (BOV) of 130. It has been demonstrated that blends of up to 20% methanol result in an increased fuel economy, while the actual gains depend on the type of vehicle. It was found that an engine running on neat methanol has a peak efficiency of nearly 43%, and maintains >40% efficiency over a much wider range of speeds and loads than a conventional diesel engine 19 .
Production of hydrocarbons
At the University of Messina, in Italy, a project is underway to develop a system which works something like a fuel-cell in reverse. A photoactive catalyst is employed to split water into oxygen gas plus protons, and the latter cross a membrane where they react with CO 2 to produce hydrocarbons 20 . Two-step methods CO 2 may be dissociated thermally into carbon monoxide (CO) and oxygen and the Fischer-Tropsch process can be used to convert the CO into hydrocarbons. The required temperature (2,400 °C) can be achieved by using a reactor containing a mirror to focus sunlight into it. It is claimed 21 that these reactors could provide enough fuel to power 100% of domestic vehicles using 5800 km 2 of total area, and in contrast to biofuels produced from land-based crops, this could be any land, thus avoiding a competition for arable land to grow either food crops or fuel crops.
Limitations of CCS for power stations
A major limitation of CCS is that the technology is expected to use between 10 and 40% of the energy produced by a power station; hence the adoption of CCS on the grand scale may override the efficiency gains achieved for coal-fired power plants over the past 50 years, and increase fuel consumption by one third. That said, overall levels of CO 2 abatement, even allowing for the energy penalty, would still be in the range of 80 -90%, in comparison with a plant without CCS, and when combined with biomass, CCS could yield overall negative carbon emissions 22 . Though CCS could significantly reduce the overall carbon emissions from fossilfuel fired power plants, it does nothing to mitigate CO 2 emissions incurred by the mining and transport of coal. Indeed, emissions of CO 2 and of air pollutants per unit of net delivered power will increase, along with all ecological, land-use, air-pollution, and water-pollution impacts from coal mining, transport, and processing. Additional energy is required for CO 2 capture, and this means that substantially more fuel has to be used to produce the same amount of power, depending on the type of plant. For new super-critical pulverised coal (PC) plants using current technology, the extra energy requirements range from 24 to 40%, while for natural gas combined cycle (NGCC) plants the range is 11-22%, and for coal-based (integrated) gasification combined cycle (IGCC) systems it is 14-25% [IPCC, 2005] 23 . Obviously, fuel use and environmental problems arising from mining and extraction of coal or gas increase in proportion to the extra energy demands. Plants equipped with flue-gas desulfurisation (FGD) systems to control sulfur dioxide emissions require proportionally greater amounts of limestone, and systems equipped with selective catalytic reduction systems to remove nitrogen oxides produced during combustion, require greater inputs of ammonia. IPCC has provided estimates of air emissions from various CCS plant designs (Table 1) . While CO 2 is drastically reduced though never completely captured, emissions of air pollutants increase significantly, and thus the implementation of CCS carries a penalty of reduced air quality.
Cost
Some recent estimates indicate that a carbon price of US$60 per US-ton is required to make capture and storage competitive 24 , corresponding to an increase in electricity prices of about 6 cents (US) per kWh, based on typical coal-fired power plant emissions of 2.13 pounds of CO 2 per kWh. This would double the typical US industrial electricity price (now at around 6c per kWh) and increase the typical retail residential electricity price by about 50% (assuming 100% of electricity is generated from coal, though the proportion varies from State to State). CCS is expected to cause price increases for electricity for a number of reasons. For one thing, the increased energy burden of capturing and compressing CO 2 raises the operating costs of CCS-equipped power plants, as noted, along with extra investment and capital outlay. In terms of rough numbers, implementing CCS would increase the fuel requirement by about 25% for a coal-fired plant, and about 15% for a gas-fired plant 11 . Along with storage and other system requirements, additional fuel to the extent of 30 -60% over that used to run a conventional power plant is estimated to be necessary for CCS. The overall additional costs of an early large-scale CCS demonstration project are estimated to be €0.5 -1.1 billion over the lifetime of the project. A breakdown of energy costs for different types of power plant, with and without CCS is given in Table 2 .
The cost of CCS depends on the method used. Typical costs of geological storage in saline formations or in depleted oil or gas fields are US$0.50 -8.00 per tonne of CO 2 injected, with an additional US$0.10 -0.30 for the cost of monitoring equipment. When storage is combined with enhanced oil recovery to extract extra oil from an oil field, however, the storage could yield net benefits of US$10 -16 per tonne of CO 2 injected (based on 2003 oil prices). Even taking this into account, the benefits do not outweigh the extra costs of capture (Table 2) . Various national governments have given a range of funding support to CCS demonstration projects, including tax credits, allocations and grants, which, as of 2011, yields a global total of approximately US$23.5bn 25 .
Leave the carbon in the ground?
A new paper published 26 in the American Chemical Society journal, Environmental Science and Technology, has raised issues as to CCS being the best option for carbon-mitigation. It argues that the colossal amount of money that CCS would entail globally would be better spent on "virtual CCS," meaning that instead of CCS per se, the emission of carbon be avoided in the first place by a wholesale implementation of non-fossil energy sources, specifically wind and nuclear power. As a statistic to prove the point, it is estimated that one wedge (billion tonnes) of carbon in the form of CO 2 sequestered by CCS would cost $5.1 trillion over 50 years, while the same amount of money used to build wind-turbines would save 1.91 "wedges" worth of CO 2 over the lifetime of the latter devices. A strong rebuttal to this case was presented in Chemistry World 27 , which calls for a parallel development of CCS and non-fossil energy rather than the exclusion of the former.
